Introduction
There exist significant gaps in our knowledge of human health effects resulting from inhalation of pollutants associated with acid precipitation. Although such precipitation consists of both acidic gases and aerosols, this paper will focus primarily on acidic aerosols as the gases have received extensive attention. Furtherm-ore, the scope of the discussion will be limited to clinical studies that evaluate effects of the acid aerosols on lung mechanics.
The objective of the clinical study is clear: it is an attempt to establish conditions in a controlled laboratory setting which are relevant to ambient pollutant atmospheres, and to document any health-related effects which result from breathing these atmospheres. Since the lung is the initial target of most inhaled air pollutants, measurements of lung mechanics take on a primary role in toxicologic assessments. Measurements of pulmonary function to assess responses to air pollutants have recently been reviewed (1) .
The limitations of clinical studies have also been previously discussed but it is pertinent to consider them here together with their strengths. These studies, for practical and ethical reasons, must be limited to small groups presumably representative of larger populations, to short durations of exposure, and to pollutant concentrations that are expected to produce only mild and totally reversible responses. In addition, laboratory atmospheres are typically simple rather than the com-*Department of Medicine and Radiation Biology and Biology and Biophysics, University of Rochester School of Medicine, Rochester, NY 14642 plex mixtures, for example, that constitute ambient acid precipitation.
Despite these limitations, however, carefully controlled experimental studies have produced several advances in our understanding of acute effects of exposure to critical air pollutants. First, the importance of exercise in potentiating responses to inhaled pollutants at ambient levels has been established. For example, until recently inhalation of ozone concentrations higher than 0.3 ppm had been considered necessary to induce airway effects. However, when combined with heavy intermittent exercise, exposure to ozone levels as low as 0.12 ppm have caused symptoms and spirometric changes in normal subjects (2) .
Secondly, clinical studies have successfully defended the concept of "sensitive" or "susceptible" subgroups. Here In a study using oral inhalation, Utell et al. (9) measured bronchial reactivity in normals after brief exposures to H2SO4, NH4HSO4 (NH4)2SO4, and sodium bisulfate (NaHSO4) at concentrations of 1000 ,ug/m3 (MMAD = 1.1 pm). Only marginal changes in flow rates were observed after 1000 ,ug/m3 H2SO4. In contrast, the bronchoconstrictor action of carbachol was potentiated by the sulfate aerosols more or less in relation to their acidity. Only prior inhalation of H2SO4 and NH4HSO4 enhanced the carbachol response.
Several human experimental studies have not reported alterations in lung function with exposures to high sulfate concentrations. No decrement in pulmonary function was observed in normal subjects exposed at rest for 10 minutes at concentrations up to 1000 ,ug/m3 H2SO4 (MMAD = 0.1 ,um) (10) or after 2-hr exposures at 1000 jig/m3 with intermittent light exercise (11) .
Inhalation Studies with Asthmatic Subjects
In view of the sensitivity of exercising asthmatics to effects of SO2, the responses to inhaled acid sulfate aerosols is of considerable interest. The results of studied with acidic sulfates are summarized in Table 1 .
Sackner et al. (10) reported no alteration in lung mechanics in six asthmatics exposed at rest to H2SO4 particles (MMAD = 0.1 jim) at 10, 100, and 1000 jig/mi3 for 10 min. Avol and colleagues (12) examined six asthmatics during light exercise (doubled minute ventilation) at 75 jig/mi H2SO4 (MMAD = 0.3 jim) for 2 hr in a chamber. Although significant changes in lung function did not occur for the group, two of the six asthmatics "showed possible meaningful changes in resistance."
Two of the most recent clinical studies (13, 14) have demonstrated that asthmatic subjects are an order of magnitude more sensitive to H2SO4 than healthy, sedentary adults. That is, whereas normal subjects display minimal bronchoconstriction at approximately 1000 jig/ mi3, asthmatics develop significant changes in airway mechanics at 450 jig/m at rest and at 100 jig/m3 during light to moderate exercise.
Koenig et al. (13) exposed 10 adolescents with extrinsic asthma and exercise-induced bronchospasm to 100 jig/M3 H2SO4 during 30 min at rest followed by 10 min of exercise. Mouthpiece inhalation of H2SO4 during exercise produced significantly greater alterations in FEV1, Vmax 50, and total respiratory resistance than a control NaCl aerosol. The authors reported that the changes in lung function after H2SO4 were equivalent to effects induced by sulfur dioxide in a group of adolescent asthmatics (15) . In contrast to the experience with gaseous pollutant, it is conceivable that oral route of inhalation of particulate sulfates may, in fact, minimize airway responses due to ammonia neutralization (see below).
In our laboratory, we evaluated the existence of a dose-response relationship to sulfate aerosols including NaHSO4, (NH4)2SO4, NH4HSO4, and H2SO4, with a control NaCl (mean MMAD = 0.8 jim) in carbacholsensitive asthmatics (14) . Concentrations of 100 jig/M3, 450 jig/m3, and 1000 jig/m3 were inhaled for 16 min via a mouthpiece. At the 1000 jig/m3 concentration, H2SO4 and NH4HSO4 inhalation produced significant reductions in specific airway conductance and FEV1 com- (10) .
It is evident that unique host defenses may also influence responses. For example, in 1977, Larson and colleagues (18) hypothesized that airway ammonia (NH3) could neutralize inhaled acidic sulfates and thereby mitigate airway responses. Respiratory ammonia levels were found to be higher in the mouth than the nose and the rate of sulfuric acid neutralization was inversely related to particle size (19) . To Implicit in the neutralization hypothesis is the likelihood that acidity per se is important. Previously, Lippman and Schlesinger (21) reported the relative irritant potency of major ambient sulfates based on clearance rates in the rabbit. The ranking of irritant potency was H2SO4 > NH4HS04 > (NH4)2SO4, Na2SO4; this strongly suggests a relation between hydrogen ion (H+ ) concentration and the degree of bronchial mucociliary clearance alterations. It is noteworthy that studies in our laboratory support this ranking of irritant potency as related to altering lung function. We observed a relationship between the acidity of the sulfate aerosol, expressed as the pH measured in aqueous solutions at the same molarity (10-2 M), namely H2SO4 (pH = 1.8), NH4HS04 (pH = 2.2), NaHSO4 (pH = 2.5), and (NH4)2SO4 (pH = 4.8), and the degree of induced bronchoconstrictions (14) . Inhalation of more acidic sulfates, H2SO4 and NH4HSO4, produced the most significant bronchoconstriction. Exposure to the less acidic sulfate aerosols, NaHSO4 and (NH4)2SO4, caused no significant change in lung function. Despite this apparent relationship, the role of the hydrogen ion is complex since numerous airway factors may alter the pH of the particle prior to and after deposition.
Additional evidence for an effect of low level sulfuric acid on the airway is available from several sources. Alterations in mucociliary clearance have occurred in normal volunteers after exposure to 100 ,ug/m3 H2SO4 for one hour. Leikauf and colleagues (22) observed a diphasic dose-response relationship in that tracheobronchial clearance was significantly increased after exposure to 100 ,ug/m3 H2SO4, unchanged at 300 ,ug/m3, and depressed after 1000 ,ug/m3 H2SO4. Thus low level sulfuric acid inhalation with resting ventilation may induce airway irritation without alterations in mechanics. Ultimately such injury could impede airway defenses. Furthermore, Schlesinger (23) presented preliminary evidence that a 1-hr exposure of rabbits to 1000 ,ug/m3 H2SO4 produced a response at the cellular level. Elevated numbers of neutrophils persisted in lavaged lung fluid and the sulfuric acid exposure altered the performance of in vitro phagocytosis. Reduction in in vitro adherence and attachment was also observed for macrophages lavaged at various times from the exposed rabbits. In all likelihood, either brief or low level sulfuric acid may influence host defenses.
With the impressive array of changes in lung function described by Koenig (13) (27) or 0.2 ppm (28) but no other studies have produced conflicting findings (29) .
In a summary paper in this symposium, Lippmann (30) speculated that the NO2 effect may be in part an acid effect. He reasoned that since the magnitude of the pulmonary function changes was similar to that experienced by subjects inhaling ozone at 0.2 ppm, and since NO2 is a much weaker oxidant than ozone, it was conceivable that the NO2 response was only in part related to the oxidant effect. When NO2 is absorbed on airway surfaces, it hydrolyzes and releases H+ ions. Thus, its mechanisms may be similar to that of H2SO4.
Research Needs
Many important questions remain to be addressed: (1) (31) . (4) Can we begin to evaluate mechanisms of H2SO4 toxicity in humans by means other than pulmonary mechanics? The answer is a resounding yes. For example, the tool of bronchoalveolar lavage has now been extended to human studies to investigate changes at the cellular level. The evolving relationship between pollutant-induced airway reactivity and increased lavaged human neutrophils (32) and the observations by Schlesinger that brief inhalation of sulfuric acid effect cellular functions in the rabbit, provide background for initiating lavage studies in humans after sulfuric acid exposures.
Obviously, a great deal remains to be learned in the area of human exposures to acidic aerosols.
Conclusions
Based on clinical exposure studies, we now appreciate that the criteria pollutants ozone and sulfur dioxide provoke changes in lung mechanics at high urban concentrations. Although critical gaps still exist in our knowledge of human exposures to acid aerosols, recent data indicate that asthmatics are clearly more sensitive than healthy volunteers and that exercise potentiates responses to sulfuric acid pollutants. Additional studies at even lower sulfate levels combined with intensive exercise and/or other relevant pollutants are required before the gaps can be effectively closed. 
